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DEVICE AND METHOD FOR DETERMINING AND COMMUNICATING THE 
REMAINING LIFE OF A BATTERY IN AN IMPLANTABLE 
NEUOROLOGICAL TISSUE STIMULATING DEVICE 

Background of the Invention 

1 . Field of the Invention 

The invention relates to a device and method for determining and communicating 
the remaining life of a battery or other power source in a device for electrically 
stimulating neurological tissue. 

2. Description of Related Art 

Implantable devices exist that electrically stimulate neurological tissue to treat or 
relieve the symptoms of a wide variety of physiological or psychological maladies or 
pain. Such devices are typically part of systems that are entirely implantable within the 
patient or are partially implantable and partially external to the patient. Systems that are 
entirely implantable in the patient typically include an implantable pulse generator (IPG) 
and an extension and lead or leads. In such a system, the IPG, extension and lead are 
entirely implanted in the bodies of the patients. An example of such a system is the 
Itrel® 3 system manufactured and sold by Medtronic, Inc. of Minneapolis, Minnesota. 

A programmer is used outside the patient's body and communicates with the IPG 
by both sending and receiving information to and from the IPG. The programmer is used 
to set and adjust the system, including the parameters of the stimulation pulses, to be 
most therapeutically effective. This programmer typically includes a computer, 
programming head and a printer. The programming head is placed over the IPG to 
program desired system settings using radiowaves. The programming head also receives 
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information from the IPG such as the current electrical pulse parameters or status 
information. This procedure is done through the skin. 

Because the IPG is implanted, the power sources needed to power the IPG is also 
implanted. Typically, the power source for an IPG is a battery. 

Systems that are partially implantable and partially external to the patient include 
so called "radio frequency" (RF) systems. An example of such an RF system is the 
Mattrix® system manufactured and sold by Medtronic, Inc. of Minneapolis, Minnesota. 
This RF system comprises an external transmitter, an antenna coupled to the external 
transmitter, an implanted receiver and a lead or leads. The receiver and leads are 
implanted in the patient's body. The external transmitter generates a series of electrical 
pulses according to a defined therapeutic pattern. The pulses are passed to the antenna 
where they are transmitted to the implanted receiver in the patient's body. The implanted 
receiver passes the pulses to the lead or leads where the pulses are applied to the tissue 
that is to be stimulated. 

One main difference between an entirely implantable system and a RF system is 
the battery location. The totally implantable system uses a battery that is placed beneath 
the skin so that no part of the system is outside the body. The radio frequency system 
uses a battery that is worn outside the body to power the system. 

The lead, whether in an RF or IPG system, is a small medical wire with special 
insulation and contains a set of electrodes (small electrical contacts) through which 
electrical stimulation is delivered to tissue. The lead is implanted in the patient's body 
and the electrodes are placed next to the tissue that is desirable to electrically stimulate. 
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The extension is a small cable that is placed under the skin and connects the lead to the 
IPG. 

Many systems, both IPG and RF, allow the patient to partially control their 
electrical stimulation through a device known as a patient programmer. The patient 
programmer is a hand-held device that allows the patient to change or control their 
electrical stimulation within preset bounds. This device allows the patient to adjust the 
electrical stimulation using radio waves between visits to the doctor. 

Figure 1 schematically shows an implantable system such as the Itrel® 3 system 
including a programmer. As can be seen, the system, generally labeled 2 has an IPG 4, 
an attached extension 6, a lead 8 attached to extension 6 and an external programmer 10. 
The IPG 4 has a battery 12 that powers the device and provides the power for the 
electrical stimulation pulses that are provided to the lead 8 through extension 6 to be 
applied to the tissue that is to be electrically stimulated. IPG 4 also has a battery voltage 
determining system 13 that determines the voltage of battery 12. 

IPG 4 also includes an IPG telemetry system 14 that receives information from 
the programmer telemetry system 16 of the programmer 10. Through programmer 
telemetry system 16, programmer 10 sends commands to the IPG 4 through the IPG 
telemetry system 14 to change the parameters of the stimulation pulses produced by the 
IPG 4. In return, IPG 4, through IPG telemetry system 14, sends information to 
programmer 10, through the programmer telemetry system 16, regarding the current 
status of the IPG 4 including current parameter settings and the voltage of the battery 12. 

In the Itrel® 3 system, the battery is a Lithium Thionyl Chloride battery. Figure 2 
shows the voltage versus capacity chart for this type of battery. As can be seen, the 



battery voltage remains virtually constant through most of the life of the battery. At 
approximately the last 5% of battery life, the battery voltage drops rapidly. Therefore, by 
tracking the battery voltage, it can be determined that the battery is in its last 5% of life 
when the voltage drops rapidly. Unfortunately, because the battery voltage is virtually 
flat for the first 95% of battery life, it is difficult if not impossible to determine where in 
the battery life cycle the battery is during the first 95% of battery life. 

As stated above, IPG 4, through IPG telemetry system 14, sends information to 
programmer 10, through the programmer telemetry system 16, regarding the voltage of 
the battery 12. The physician takes this battery voltage information and consults a "look- 
up" table showing battery voltages and corresponding remaining battery capacity values. 
While the battery voltage is "high" and constant, as during the first 95% of battery life, 
the physician is only able to determine that the battery is somewhere in its first 95% of 
life. Only when the battery voltage begins to drop can the physician ascertain that the 
battery is in the last 5% of its life. 

Many batteries have battery capacity versus voltage profiles similar to that shown 
in Figure 3. As can be seen, these profiles are not "flat" along a substantial portion of the 
battery life. Instead, there are distinct values correlating the measured battery voltage and 
the battery capacity used or remaining. It is highly desirable to have a system that allows 
the user to ascertain either the battery capacity already used or battery capacity remaining 
in batteries having battery capacity versus voltage profiles similar to that shown in Figure 
3. 

SUMMARY of the INVENTION 
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The invention is a device and method for determining and communicating the 
remaining life of a battery or other power source in an implantable neurological tissue 
stimulator. Basically, the invention contemplates a method, performed in a system 
without human intervention, that includes the steps of assessing the voltage of a battery or 
other power source in an IPG, determining, using the voltage, where in the battery or 
other power source life cycle the battery or other power source is, and taking action in 
response to the determination of where in the life cycle the battery or other power source 
is. 

The invention also includes a device that embodies the method described above. 
The device, which may be either totally resident in an IPG or partially resident in an IPG 
and partially resident in an external device such as a programmer, measures the power 
source voltage in the IPG, uses the power source voltage to determine where in the power 
source life cycle the power source is and takes appropriate action in response to the 
determination of where in the power source life cycle the power source is. A processor, 
either on the IPG or in the programmer or patient programmer is the preferred structure 
for determining where in the power source life cycle the power source is and for directing 
the appropriate action in response to the determination of where in the power source life 
cycle the power source is. 

It is therefore a primary object of the invention to provide a device that determines 
the current status and remaining life of a power source in an implantable neurological 
tissue stimulator. 



It is therefore a primary object of the invention to provide a device that determines 
the current status and remaining life of a power source in an implantable neurological 
tissue stimulator without immediate human intervention. 

It is therefore a primary object of the invention to provide a device that after 
determining the current status and remaining life of a power source in an implantable 
neurological tissue stimulator, automatically alerts the physician to the current status and 
remaining life of the power source. 

These and other objects of the invention will be clear from the description of the 
invention given herein and particularly with reference to the attached drawings and the 
Detailed Description of the Invention. Throughout this description, like reference 
numbers refer to like elements. 

BRIEF DESCRIPTION of the DRAWINGS 

Figure 1 is a schematic drawing of an IPG system. 

Figure 2 is a chart showing the voltage versus capacity of a Lithium Thionyl 
Chloride battery. 

Figure 3 is a chart showing the voltage versus capacity of a Lithium Combination 
Silver Vanadium Oxide (CSVO) battery. 

Figure 4 is a flow chart of the operation of the present invention. 

Figure 5 is a "look-up" table as used in the preferred embodiment of the present 
invention. 

Figure 6 is a "look-up" table as used in an alternate embodiment of the present 
invention. 
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Figure 7 is a schematic view of the preferred embodiment of the present 
invention. 

Figure 8 is a schematic view of an alternate embodiment of the present invention. 
DETAILED DESCRIPTION of the INVENTION 

Figure 4 is a flow chart of the method of the present invention. Examples of 
devices to implement the method are described in detail below. The method, in its 
broadest form, begins at step 1 8 with assessing the voltage of the power source in an 
implantable neurological tissue stimulator. The program passes to step 20 where this 
voltage is used to determine where the power source is in the power source life cycle. 
The program then passes to step 22 where the system takes appropriate action in response 
to the determination of where the power source is in the power source life cycle. 

Throughout the description of the invention herein, reference to a "power source", 
unless specifically stated otherwise, refers to batteries, capacitors or any other source of 
electrical power as will be clear to those skilled in the art. In the preferred embodiment, 
the power source for the implantable neurological tissue stimulator is a battery but other 
power sources could also be used. 

Assessing the voltage of the power source in step 1 8 can be done according to any 
of the well known methods for assessing voltages as will occur to those skilled in the art. 
Examples of such methods include the well known use of an analog to digital (A/D) 
converter. 

In step 20, there are several ways to determine where in the power source life 
cycle a power source is. The preferred method is uses a "look-up table" that correlates 
the voltage assessed in step 18 to a predetermined "power source capacity remaining" 



value. The "power source capacity remaining" values and their correlation to 
corresponding power source voltages are determined ahead of time by experimentation. 
It may be easier to determine the power source capacity remaining by measuring the 
power source capacity used and then subtracting this value from the total power source 
capacity determined experimentally for this power source type. 

An example of such a "look-up table" is given in Figure 5. The "look-up table" is 
in the form of a matrix where power source voltage values, in this case battery voltage 
values, are listed in a first column and corresponding "battery capacity remaining" values 
are listed in a parallel column where the "battery capacity remaining" value is next to its 
corresponding battery voltage value. 

An alternate way to determine where in the power source life cycle a power 
source is also uses a "look-up table". However, in this embodiment, the "look-up" table 
correlates the power source voltage assessed in step 18 to a predetermined and pre- 
measured "power source capacity used" value. The "power source capacity used" values 
and their correlation to corresponding power source voltages are determined ahead of 
time by experimentation. It may be easier to determine the power source capacity used 
by calculating the power source capacity remaining and then subtracting this value from 
the total power source capacity determined experimentally for this power source type. 

An example of such a "look-up table" for this alternate embodiment is given in 
Figure 6. The "look-up table" is in the form of a matrix where power source voltage 
values, in this case battery voltage values, are listed in a first column and corresponding 
"battery capacity used" values are listed in a parallel column where the "battery capacity 
used" value is next to its corresponding battery voltage value. 
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Another alternate way to determine where in the battery life cycle a power source 
is uses a formula to determine either the power source capacity remaining or the power 
source capacity used. The formula for this method is found experimentally by correlating 
measured power source voltages and corresponding power source capacity remaining 
values or power source capacity used values. For example, the formula for the 
relationship between the measured battery voltages and the corresponding battery 
capacity remaining values shown in the chart of Figure 5 is: 

Remaining Battery Capacity = - 115 + 62.4 Battery Voltage 

where the battery voltage varies between 0 volts and 4 volts for this type of 
battery. The formula for the relationship between the measured battery voltages and the 
corresponding battery capacity used values shown in the chart of Figure 6 is: 

Battery Capacity Used = 229 - 65.8 C3 Battery Voltage 
where the battery voltage also varies between 0 volts and 4 volts for this type of battery. 

A possible problem with this approach is that the formula is a linear formula 
whereas many relationships between power source voltage and remaining power source 
capacity are not linear. As a result, where the relationship between power source voltage 
and the remaining power source capacity is not linear, a linear approximation of 
remaining power source capacity will be only an approximation. 

Alternately, a formula may be developed for determining the relationships 
between power source voltage and remaining power source capacity that is non-linear. 
Such non-linear formulas can be developed, for example, by using least squares 
approximations with high order polynomials or by using cubic splines techniques as will 
be well understood by those skilled in the art. Where the relationship between power 



source voltage and the remaining power source capacity is not linear, such non-linear 
formulas, appropriately chosen, may closely approximate the actual relationship between 
measured power source voltage and remaining power source capacity. 

Appropriate action in block 22 can include such things as simply informing the 
user of where in the power source life the power source is. This can be done by 
displaying a representation of the percentage of power source capacity used or remaining. 
Alternately or in addition, if the remaining power source capacity falls within a 
predetermined limit, an alarm can be triggered to alert the user of this status. The alarm 
can take the form of an audible or visible warning such as a warning chime or a flashing 
visual display panel, a physical warning such as a vibrating alarm or other means of 
alerting the user or emphasizing the status as will occur to those skilled in the art. 
Appropriate action can also include taking no action obvious to the user. This action may 
be desirable if the remaining power source capacity is well outside of predetermined 
limits. 

The steps of the method described above can either be done entirely in an 
implantable neurological tissue stimulator or done partially in an implantable 
neurological tissue stimulator and an external device such as a programmer. In the latter 
case, because the power source for the implantable neurological tissue stimulator is part 
of the implantable neurological tissue stimulator, the step of assessing the voltage of the 
power source in an implantable neurological tissue stimulator will probably be, although 
is not required to be, done at the power source on the implantable neurological tissue 
stimulator. However, the remaining step may either be performed on the implantable 
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neurological tissue stimulator or on an external device such as a programmer or patient 
programmer. 

Referring to Figure 7, the preferred embodiment of the device of the invention to 
implement the method described above is shown. As described above, IPG 4 includes a 
voltage determining system 13 and an IPG telemetry system 14. Voltage determining 
system 13 measures the voltage of the battery 12 that powers IPG 4 by means well known 
in the art including, but not limited to using an analog to digital (A/D) converter. Once 
the voltage of battery 12 has been determined by voltage determining system 13, the 
battery voltage information is passed to the IPG telemetry system 16. 

IPG telemetry system 16 sends the battery voltage information from the IPG 4 to 
programmer 10 by telemetry means well understood in the art. Examples of telemetry 
systems include, but are not limited to, those described in US Patent No. 4,231,027 issued 
to Brian M. Mann and Russell R. Beane on October 28, 1980 and entitled "BATTERY 
MONITORING MEANS FOR AN IMPLANTABLE LIVING TISSUE STIMULATOR" 
and US Patent No. 5,752,977 issued to John J. Grevious, Robert A. Neumann and Koen J. 
Weijand on May. 19, 1998 entitled "EFFICIENT HIGH DATA RATE TELEMETRY 
FORMAT FOR IMPLANTED MEDICAL DEVICE", the teachings of which are 
incorporated herein by reference in their entirety. 

Programmer 10 receives the battery voltage information from IPG 4 through 
programmer telemetry system 16. Programmer telemetry system 16 passes the battery 
voltage information to a processor 28. Processor 28 includes a memory 30 that includes a 
"look-up" table embedded with correlated information about the battery voltage and the 
corresponding battery capacity information. Memory 30 may be either volatile such as 
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RAM or read-only such as EEPROM or other types as will occur to those skilled in the 
art. 

This battery capacity information may be either the battery capacity used or the 
battery capacity remaining. An example of such a "look-up" table is shown in Figure 5 
for a Lithium Combination Silver Vanadium Oxide (CSVO) battery. In this example, 
the battery capacity information is battery capacity used. In either case, either the battery 
capacity used or battery capacity remaining is determined experimentally by correlating 
measured battery voltages with either the measured battery capacity used or the measured 
battery capacity remaining. Thereafter, the battery voltages and the corresponding battery 
capacity information, whether battery capacity used or battery capacity remaining, are 
loaded into memory 30 through the "look-up" table. 

The "look-up" table may contain both battery capacity used information and 
battery capacity remaining information. In such a case, the "look-up" table would have 
three columns instead of two; the additional column containing the additional battery 
capacity information. Alternately, if either the battery capacity used information or the 
battery capacity remaining information is stored in the "look-up" table, the other battery 
capacity information can be calculated. For example, if remaining battery capacity is 
stored in the "look-up" table, the used battery capacity can be determined by simply 
subtracting the remaining battery capacity from the estimated total battery capacity. 
Conversely, if used battery capacity is stored in the "look-up" table, the remaining battery 
capacity can be determined by simply subtracting the used battery capacity from the 
estimated total battery capacity. 
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Processor 28 correlates the battery voltage information received from IPG 4 to the 
battery capacity values in the "look-uj " table stored in memory 30. This battery capacity 
information, whether used battery cap; icity or remaining battery capacity, may be 
displayed to the physician through a display screen 32 on the programmer 18 or may be 
passed from the programmer to an external computer 34 by direct connection 36 or 
through telemetry 38 as is well underst >od in the art. Computer 34 can display the 
battery capacity information on its disp ay screen 36, record the information or further 
process the information. 

Alternately, or in addition, once the remaining battery capacity information has 
been determined, this remaining battery capacity information can be used to estimate the 
remaining life of the battery 12. This is preferably done by first determining the probably 
usage rate of the battery 12. A simple way to determine this usage rate is to divide the 
used capacity of the battery by the length of time that the IPG 4 has been working. In this 
way, an estimate of the battery capacity used per time unit can be obtained. Then, the 
remaining battery capacity can be divided by this capacity used per time unit amount to 
arrive at an estimated time remaining before the battery capacity is expended. This 
calculation is preferably performed by the processor 28 and then the resulting estimate of 
remaining battery life is displayed on the display screen 30 or passed to computer 34 to 
be displayed, recorded or further processed. 

Although the previously described method for estimating the remaining life time 
of a battery 12 is simple to implement, the resulting estimate of remaining battery life 
will be inaccurate if the rate of battery usage is not constant. For example, if the 
amplitude or frequency of the stimulation pulses provided by the IPG 4 are changed by 
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reprogramming the device prior to calculating the remaining battery life as described 
above, an estimated remaining battery life will be inaccurate. Therefore, in one 
embodiment of the invention, the processor 28 in the programmer 10 stores the date of a 
change in the programming of the IPG 4 and determines and stores the used battery 
capacity at that time. Then, when determining the probably usage of the battery 12, the 
used capacity of the battery 12 since the last programming is first determined. This is 
done by determining the current used battery capacity and subtracting it from the 
previously stored used battery capacity at the time of the programming change. In this 
way, the battery capacity used since the programming change is determined. 

Once this battery capacity used since the programming change has been 
determined, this battery capacity used is divided by the length of time since the IPG 4 has 
been reprogrammed. In this way, an estimate of the capacity used per time unit can be 
obtained for the time period since the IPG 4 was reprogrammed. Then, the remaining 
battery capacity is determined as described above. 

The remaining battery capacity can be divided by this capacity used per time unit 
amount since the IPG 4 was reprogrammed to arrive at an estimated time remaining 
before the battery capacity is expended. This calculation is preferably performed by the 
processor 28 and then the resulting estimate of remaining battery life is displayed on the 
display screen 32 or 36. 

An alarm 38, alerts to user to conditions of the power source that are outside of 
preset parameters. Alarm 38 can take the form of any number of well known alarms 
providing visual, audible or physical indication that the alarm conditions have been 
triggered. As described above, alarm 38 can take the form of an audible or visible 
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warning such as a warning chime or a flashing visual display panel, a physical warning 
such as a vibrating alarm or other means of alerting the user or emphasizing the status as 
will occur to those skilled in the art. Alarm 38 can be directly connected to processor 28 
or may be triggered remotely through telemetry. 

Processor 28 and memory 30 has been described heretofore as being located in the 
programmer 10. Although this is the preferred location, processor 28 and memory 30 
may be located on IPG 4 or in computer 32. Further, processor 28 may be located in any 
of these locations and memory 30 in any other of the locations so long as communication 
is possible between processor 28 and memory 30. 

An alternate embodiment of the invention, applying these principles, is shown in 
Figure 8. This embodiment is identical to the preferred embodiment described above 
with the exception that the processor 28 and memory 30 are included as part of the IPG 4. 
In this embodiment, alarm 38 may either be part of the IPG 4 or may be external to IPG 4 
and triggered remotely. 

The implantable medical device described in detail herein has been an implantable 
electrical stimulator for electrically stimulating neurological tissue. However, the method 
and device described herein can also be used in other implantable medical devices so long 
as the implantable medical devices have an internal power source such as a battery. 
Examples of such systems include pacemakers, defibrillators and implantable drug pumps 
to name but a few examples. 

Alternately, the invention will also have applicability to implantable medical 
devices powered by capacitors or so called "super-capacitors". Examples of such systems 
are disclosed in US Patent Nos. 5,807,397 issued to Francisco J. Barreras on September 
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15, 1998 entitled "IMPLANTABLE STIMULATOR WITH REPLENISHABLE, HIGH 
VALUE CAPACITIVE POWER SOURCE AND METHOD THEREFOR", 5,769,877 
issued to Francisco J. Barreras on June 23, 1998 entitled "HIGH VALUE CAPACITIVE, 
REPLENISHABLE POWER SOURCE" and 5,591,217 issued to Francisco J. Barreras on 
Jan. 7, 1997 entitled IMPLANTABLE STIMULATOR WITH REPLENISHABLE, 
HIGH VALUE CAPACITIVE POWER SOURCE AND METHOD THEREFOR", the 
teachings of which are incorporated herein by reference in their entireties. 

The description contained herein is intended to be illustrative and not exhaustive. 
Many variations and alternatives will occur to one of ordinary skill in this art. All these 
alternatives and variations are intended to be included within the scope of the attached 
claims. Those familiar with the art may recognize other equivalents to the specific 
embodiments described herein which equivalents are also intended to be encompassed by 
the claims attached hereto. 
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